INTRODUCTION
Cystic fibrosis, the most prevalent genetic disorder in people of Northern European descent, is caused by mutations of the anion channel cystic fibrosis transmembrane conductance regulator (CFTR) (Boat et al., 1989; Riordan et al., 1989; Rommens et al., 1989) . The absence of functional CFTR disrupts epithelial ion and water homeostasis, leading to accumulation of dehydrated mucus, recurrent bacterial infection, and ultimately organ failure and other life-threatening consequences. Cystic fibrosis primarily affects the lungs, but the disorder also impacts the pancreas, intestine, liver, kidneys, and sweat glands (O'Sullivan and Freedman, 2009) . Although medical advances in the past decades have prolonged the average life expectancy for cystic fibrosis patients to $40 years, there is still no cure for this devastating disease (Elborn, 2016) .
CFTR belongs to the large protein superfamily of ATP-binding cassette (ABC) transporters. Whereas most ABC transporters are active pumps powered by ATP hydrolysis, CFTR is an ATP-gated ion channel. Like other ABC transporters, CFTR contains two transmembrane domains (TMDs) and two nucleotide-binding domains (NBDs). However, CFTR is unique in that a cytosolic regulatory (R) domain controls channel gating. Phosphorylation of the R domain by protein kinase A (PKA) and binding of ATP to both NBDs are necessary for pore opening (Aleksandrov et al., 2001; Berger et al., 2005; Cheng et al., 1991; Rich et al., 1991; Vergani et al., 2003 Vergani et al., , 2005b . ATP hydrolysis at the consensus site, formed by the Walker A/B motifs in NBD2 and the signature motif in NBD1, disrupts the NBD dimer and closes the pore (Vergani et al., 2005b) . The degenerate site, formed by the Walker A/B motifs in NBD1 and the signature motif in NBD2, binds but does not hydrolyze ATP (Aleksandrov et al., 2002; Basso et al., 2003) .
Recently, we reported the structures of two CFTR orthologs from human and zebrafish (Liu et al., 2017; Zhang and Chen, 2016) . Although these orthologs share only 55% sequence identity ( Figure S1 ), their structures in the dephosphorylated, ATP-free form are essentially identical. Both structures show that the dephosphorylated R domain wedges between the two NBDs and prevents NBD dimerization; the ion conductance pathway is lined with positively charged residues. A single gate, located near the extracellular surface of the membrane, closes the channel. In this study, we present the structure of zebrafish CFTR (zCFTR) in its phosphorylated, ATP-bound conformation. Comparison of this structure with the results of earlier studies illustrates large conformational changes brought about by phosphorylation and ATP binding.
RESULTS

Structure Determination
Previous work has shown that non-hydrolysable ATP analogs or mutations that eliminate ATP hydrolysis prolong the lifetime of CFTR's open channel state, presumably by stabilizing the NBD dimer (Aleksandrov et al., 2001; Berger et al., 2005; Vergani et al., 2005b) . To obtain the structure of CFTR in an ATP-bound, NBD-dimerized conformation, we replaced the general base residue (E1372 in zCFTR, E1371 in human CFTR) in the consensus site with a glutamine. This mutation abolishes ATP hydrolysis and slows the pore-closing rate by $1,000-fold (Vergani et al., 2005b) .
The zCFTR E1372Q mutant was overexpressed in human embryonic kidney cells. Purified protein was incubated with PKA to phosphorylate the R domain. For wild-type CFTR, this procedure increases the ATPase activity by 6-to 8-fold (Liu et al., 2017; Zhang and Chen, 2016) . Upon removal of PKA, the phosphorylated sample was mixed with 8 mM ATP-Mg 2+ and frozen in vitreous ice for imaging. The quality of the dataset, which contained 777,102 particles, was first assessed by reference-free twodimensional (2D) classification ( Figure 1A ). Secondary elements are clearly visible in many 2D classes, and the majority of the particles appear to be in the NBD-dimerized conformation ( Figure 1A ). The final three-dimensional (3D) reconstruction, calculated from all particles, has an estimated resolution of 3.4 Å ( Figure S2 ; Table S1), higher than that of the 3.7 Å structure determined in the dephosphorylated, ATP-free form (Zhang and Chen, 2016) (PDB: 5UAR). The EM map shows strong side-chain density for most residues in the TMDs and the NBDs (Figures 1B and S3 ). Two ATP-Mg 2+ molecules are well-defined at the binding sites ( Figures 1C and 1D ).
In this phosphorylated, ATP-bound structure, the TMDs and NBDs pack closely together to form an elongated molecule ( Figure 1E ). Unlike the bacterial multidrug transporter Sav1866 Locher, 2006, 2007) , the TM helices in CFTR do not split into two wings, creating openings to the membrane; instead, they pack tightly together to shield the ion-conduction pathway from the lipid bilayer (Figures 1E and S4) . As indicated by biochemical and electrophysiological data (Mense et al., 2006; Vergani et al., 2005a Vergani et al., , 2005b , the two NBDs form a head-to-tail dimer with two ATP-Mg 2+ molecules bound along the interface. No density corresponding to the R domain (residues 646-840) or the R insertion (residues 406-436) is visible.
Major Conformational Changes upon Phosphorylation and ATP Binding
The structure of the phosphorylated, ATP-bound CFTR is clearly distinct from that of the dephosphorylated, ATP-free conformation (Liu et al., 2017; Zhang and Chen, 2016) (Figure 2 ). The R domain, which is no longer inserted in between the two halves of CFTR, has become completely disordered. Disengagement of the R domain permits NBD dimerization, which drives structural rearrangements of the TMDs (Figures 2A and 2B ; Movie S1). As a result, the ion conduction pathway has become narrower near the cytosolic side of the membrane and wider in the membrane outer leaflet (Figure 2A ). Access to the extracellular medium, however, remains blocked ( Figure 2A ). The overall chemical environment of the ion conduction pathway has not changed: the pore is lined with positively charged residues in both conformations.
The result of the transition between the two conformations can be described mainly as rigid-body displacements of two halves: one half consisting of the lasso motif, TM helices 1-3, 6, 10-11, and NBD1 and the other half consisting of TM helices 4-5, 7-9, 12, and NBD2 ( Figures 2B and 2C ). Due to phosphorylation and ATP binding, both halves have rotated toward the molecular center. The largest displacement, observed at the C-terminal ends of the NBDs, is $15 Å ( Figure 2B ).
Superimposed onto the global rigid body conformational change, we observe a local conformational change involving the extracellular segments of TM8 and TM12 (residues 918-931 and 1136-1147) ( Figure 2C ). The two helical segments move together by changing their angle of orientation to the neighboring helices by $50
( Figure 2C ; Movie S1). The TM8 segment moves away from TM5 and TM7, forming new contacts with TM1 across the pore. Similarly, TM12 also swings toward the other side of the pore to interact with TM1 and TM2 (Figures 2C and 3; Movie S1). As a consequence of this local conformational change, the ion pathway becomes occluded near the extracellular end. Had the local conformational change not occurred, a purely rigid-body movement of the two halves would have resulted in an open pore, as shown in the modeled structure ( Figure 2D ). It is evident that the conformation of the TM8 and TM12 helical segments can control ion access to the pore even when the R domain is phosphorylated and the NBDs are dimerized.
Asymmetric NBD Association
The structure of the NBD dimer exhibits the head-to-tail configuration predicted for all ABC transporters ( Figure 4A ). Statistical analysis of multiple sequence alignments has shown that positions corresponding to R555 and T1246 change in a correlated manner across species, and mutational data have revealed them to be energetically coupled (Vergani et al., 2005a (Vergani et al., , 2005b . Indeed, we observe that in ATP-bound CFTR the side chains of these two residues are 3.2 Å apart, compatible with a hydrogen bond interaction ( Figure 4B ). Residues G550 and G1350, which correspond to the human cystic fibrosis-causing mutations G551D and G1349D, are located at equivalent positions at the dimer interface ( Figure 4C ). Both residues are within van der Waals contact distances with the Walker A motif of the opposite NBD and the D loop, a highly conserved motif mediating communication between the two ATPase sites (De la Rosa and Nelson, 2011; Grossmann et al., 2014) . The structure corroborates these disease-associated mutations because aspartate substitution at either position is likely to hinder NBD dimerization, at least in part due to electrostatic repulsion between the acidic side chain and the nucleotides phosphates, thereby causing the gating defects observed in electrophysiology studies (Bompadre et al., 2007; Cai et al., 2006; Lin et al., 2014) . Although both ATPase sites contain bound ATP-Mg
2+
, the degenerate site is not as tightly dimerized as the consensus site ( Figures 4A and 4D-4F ), yet still tight enough to preclude access to the signature motif, as observed (Chaves and Gadsby, 2015) . When superimposed on the Walker A motifs, the signature motif in the degenerate site is $3.5 Å further away than that of the consensus site ( Figure 4D ). At the consensus site, the ATP molecule makes numerous contacts with both NBDs, similar to what has been observed in prokaryotic ABC transporters (Dawson and Locher, 2006; Oldham et al., 2007) (Figure 4E ). In the degenerate site, ATP is primarily bound to the Walker A/B motifs of NBD1, forming 19 electrostatic and van der Waals contacts. The signature motif in NBD2 contributes only four contacts with ATP ( Figure 4F) .
Several studies have shown that the degenerate site retains ATP throughout multiple gating cycles (Aleksandrov et al., 2002; Basso et al., 2003) . One explanation is that the two NBDs stay in close contact at the degenerate site to occlude ATP and prevent its escape (Szollosi et al., 2011; Tsai et al., 2010) . However, this hypothesis contradicts the accessibility analysis showing that the two NBDs separate more than 8 Å as soon as the CFTR channel closes (Chaves and Gadsby, 2015) . The other possibility is that NBD1 by itself is able to bind ATP even in the NBD-separated conformation. In this case, the retention of ATP in NBD1 would be due to the maintained bonds to the phosphate chain, resulting from the lack of hydrolysis in the degenerate site. Our new structure seems more compatible with the latter explanation, as ATP remains bound at the degenerate site with the signature motif of NBD2 contributing only 18% of the total contacts.
A ''Broken'' Intracellular Gate ABC transporters that pump substrates thermodynamically uphill are often described as having two gates, each guarding access to one side of the membrane (Al-Shawi, 2011; Gadsby, 2009) . ATP binding stabilizes an outward-facing conformation in which the extracellular gate is open and the intracellular gate is closed. ATP hydrolysis resets the transporter to its inward-facing conformation, in which access to the translocation pathway is reversed. In contrast, channels only need a single gate; when it opens ions flow continuously across the membrane bilayer. CFTR has been described as a ''broken'' transporter (Jordan et al., 2008; Muallem and Vergani, 2009) because it is an ion channel that has evolved from an ABC transporter. Can we identify which gate was broken to render CFTR an ion channel?
When the NBDs are separated, the closed gate near the extracellular surface of CFTR resembles those of other ABC transporters (Alexander et al., 2009; Hwang and Kirk, 2013; Linsdell, 2017; Liu et al., 2017; Locher, 2016; Zhang and Chen, 2016) . The intracellular gate in the NBD-dimerized conformation, however, is unique to CFTR. The intracellular gate in a typical ABC transporter, such as Sav1866, is formed by a bundle of TM helices that pack closely in the NBD-dimerized conformation Locher, 2006, 2007) (Figure S4 ). In CFTR, this he- Extracellular view of the transmembrane helices of the dephosphorylated, ATP-free and the phosphorylated, ATP-bound conformations. The residues in TM1, TM2, TM5, and TM7 that are within van der Waals contact distance (<4.5 Å ) with the extracellular ends of TM8 (residues 918-931) and TM12 (residues 1136-1147) are listed. See also Figures S1 and S5 , and Movie S1.
lical bundle is cracked open between TM helices 4 and 6 ( Figure 5 ). The ion conduction pathway is connected to the cytosol through this opening. Studies of human CFTR have shown that R248 and K370 are important in recruiting chloride ions to the pore (El Hiani and Linsdell, 2015) . The corresponding residues in zCFTR, K249, and K371, are both located at the cytoplasmic opening ( Figure 5 ). The same study also showed that positively charged residues along TM10 and TM12, the helices equivalent to TM4 and TM6 in the other half of CFTR, are not involved in comparable favorable electrostatic interactions with chloride ions (El Hiani and Linsdell, 2015) . Entirely consistent with these functional studies, we did not observe a lateral portal (like that between TM4 and TM6) between TM10 and TM12 ( Figure S4 ).
DISCUSSION
The structure of zCFTR in the phosphorylated, ATP-bound conformation displays many of the features anticipated for the open channel state, such as disengagement of the R domain from the molecular center, dimerization of the NBDs, and a lateral opening for Cl À flow to the cytosol. However, the pore remains closed near the extracellular entryway. Are there functional data supporting the existence of a channel conformation in which the NBDs are dimerized and yet the pore is non-conductive? The answer is ''Yes.'' Detailed kinetic analyses under three different circumstances led to the conclusion that when a CFTR channel opens in response to ATP binding, the NBDs first dimerize and then the pore opens (Vergani et al., 2005b; Sorum et al., 2015) . This sequence of steps implies the existence of an intermediate conformation consistent with the structure observed here. However, this conformation has generally been viewed as a fleeting, high-energy transition state that seems unlikely to have been captured by cryoelectron microscopy (cryo-EM).
More likely, the structure we have determined corresponds to a state that occurs after ATP has bound, NBDs have dimerized, and the channel has already opened (Gadsby et al., 2006; Haws et al., 1992) . In electrophysiological records, such a non-conducting state appears as brief closures within longer ''open burst'' periods and is described as an intraburst closure, or flicker closure. Unlike interburst closures that follow ATP hydrolysis, the kinetics of intraburst closure are largely independent of the degree of phosphorylation and the concentration of ATP Winter et al., 1994) . The obvious explanation for this phenomenon is that the pore flickers closed and open relatively rapidly while the NBDs are dimerized. The short lifetime of the closures implies that only a small energetic barrier separates them from the open burst state. The conformation we have observed seems to fit this functional behavior. The local conformational change involving the mobile segments of TM8 and TM12 could well explain these brief closures. We observe relatively less well-defined EM densities and higher B factors for the extracellular ends of TM8 and TM12, consistent with these regions being dynamic ( Figures S2 and S5) . Functional studies have also shown that disruption of a conserved salt bridge between TM8 and TM6 (D924-R347 in human CFTR, E932-R348 in zCFTR) introduced brief interruptions of conductance (Cotten and Welsh, 1999) , lending further support to the idea that TM8 movement might underlie channel flicker.
However, there is one inconsistency in ascribing the conformation we observe to the flicker-closed state. In electrophysiological records, the dwell time for the open state is much longer than that of the flicker-closed state . We would, therefore, have to invoke the possibility that the different environmental conditions of the structural studies (detergent instead of membrane, low temperature) have shifted the equilibrium to favor the flicker-closed state. Alternatively, it is possible that CFTR also undergoes a closure event that is too brief to be resolved in electrophysiological recordings (e.g., microsecond closures would not be resolvable as discrete non-conducting events with a 1 KHz filter). If this were the case, then the measured single channel conductance of $10 pS (Bear et al., 1991 (Bear et al., , 1992 Cliff et al., 1992; Tilly et al., 1992; Xie et al., 1995) would actually represent the filtered average value during a higher frequency burst. To give an explicit example, if a 40 pS conductance CFTR channel exhibited closure events with a mean dwell time of 3.0 microseconds separated by open events with a mean dwell time of 1.0 microsecond, then with a 1.0 kHz filter the channel would appear to have a conductance of 10 pS. The local structural rearrangement that would distinguish the cryo-EM structure from the modeled open structure ( Figure 2D ) could easily occur in the microsecond time domain. This scenario would explain the cryo-EM structure that is closed near the extracellular pore entryway.
In conclusion, by comparison with dephosphorylated CFTR in the absence of ATP, this new structure shows that CFTR undergoes major conformational changes after phosphorylation and upon ATP binding. The NBDs have dimerized as predicted by functional studies. The TMDs have moved essentially as rigid bodies, in concert with the NBDs. And, unexpectedly, ATP-bound CFTR also exhibits local conformational changes that are revealing new and unanticipated aspects of this important anion channel.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell Culture Insect cells were cultured in sf-900 II SFM medium (GIBCO) supplemented with 5% FBS and 1% Anti-anti. Freestyle 293 (GIBCO) supplemented with 2% FBS and 1% Anti-anti was used for mammalian cells. Insect cells were maintained at 28 C and mammalian cells were maintained at 37 C with 8% CO 2 and 80% humidity.
METHOD DETAILS
Protein expression and purification The E1372Q mutation was generated using the QuikChange Site-Directed Mutagenesis System (Stratagene). As described previously (Zhang and Chen, 2016) , zebrafish CFTR (E1372Q) with a C-terminal GFP tag was expressed in HEK293S GnTI -cells according (Scheres and Chen, 2012; Wang et al., 2014) . MolProbity Davis et al., 2007) was used for the validation of geometries and Blocres (Heymann and Belnap, 2007) was used for local resolution estimation. The final structure contains residues 1-391 of TMD1, 392-405 and 437-641 of NBD1, 844-886 and 918-1181 of TMD2, 1203-1458 of NBD2, and two ATP and Mg 2+ . EM data collection and structure refinement statistics were summarized in Table S1 .
Figures were generated using Pymol (http://www.pymol.org), Chimera , HOLE (Smart et al., 1996) , and APBS (Baker et al., 2001; Dolinsky et al., 2007) .
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